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Project Summary
The ability to arbitrarily position and to make electrical contact to individual molecules is crucial to the progress of molecular electronics. One possible solution to this problem may be found in nature, where space-filling protein scaffolds are used to control the exact placement and orientation of optically and electronically active molecular components. This 2 phase program (each phase duration of 1 year) successfully addressed the fundamental engineering issues associated with the application of protein/molecular aggregates to electronic devices: purification of the complexes, and their interconnection to conventional bulk organic circuitry. Our objective was also to demonstrate a molecular power source using a single antenna complex extracted from a biological photosynthetic unit. Due to the remarkable energy-sharing properties of antenna complexes it is possible to quench more than 400 photosynthetic dye molecules with a single molecular trigger.
To exploit the optimization of photosynthesis, we have demonstrated, for the first time, the solid state integration of photosynthetic complexes in solar cells. The internal quantum efficiency of the first generation of devices is estimated to be 12%.
Detailed Description ',--Q 00to EBS primitive belong to bacteria that do not generate oxygen as part of the aoo to . 8@1 s "2p photosynthetic process. These complexes ... ý;Q are known as light harvesting (LH) W , complexes.
The second, more sophisticated set of complexes, belong to oxygenic bacteria and higher plants. The constituent components of oxygenic -d photosynthesis are known as photosystem (PS) I and 11, and in combination they
•..
generate oxygen in addition to storing energy as carbohydrate. We employed two relatively well- Fig. 1 . The structure of a light harvesting characterized biomolecular complexes, complex, showing the many dye molecules LH2 and PSI. As shown in Fig. 1 , LH2 is that are precisely positioned to absorb part of the photosynthetic machinery of sunlight and transfer the energy to a the primitive purple bacteria dissociation center.
(Rhodopseudomonas acidophila).
On the periphery and shown in blue, are the light harvesting complex LH2 complexes, these gather energy and transfer it to the central LH1 complex shown in green, which in turn, transfers the energy to a reaction center (RC) shown in red. A side view of an LH2 complex is shown in Fig. 2 . These complexes only act as antennas. They are biologically optimized to funnel energy to the reaction center within lOOps with an overall quantum yield of 98%. 23 They consist of concentric
Carotenoids
Protein a-helices ---B800
bacteriochlorophyll molecules peak absorption at 800nm
".-B850 bacteriochlorophyll molecules peak absorption at 850nm
Koepke et al. rings of bacterio-chlorophyll molecules supported by protein pillars. The protein serves several purposes: it gives the photosynthetic unit its rigidity, fixes the pigments at their positions, and provides a heat sink for excess energy. As shown, antenna complexes such as LH2 are archetypal molecular circuits; their operation relies on the positioning of the constituent bacteriochlorophyll molecules with a resolution that is beyond the capabilities of other lithography techniques. In nature they are formed by 'guided' selfassembly. Proteins are built following the genetic code of the organism. Once formed, they fold, forming a template for the self-assembly of bacteriochlorophyll molecules. These are positioned in two rings. The outer ring absorbs predominantly at ^k = 800 nm, and is known as B800. The inner ring exhibits closer interactions between bacteriochlorophyll molecules, lowering the energy. It absorbs predominantly at , = 850 nm, and is known as B850.
LH2 contains only two proteins and is probably the simplest photosynthetic complex, and also the most robust. It is therefore ideally suited to initial experimental investigations, especially deposition techniques and demonstrations of electrical integration. In contrast, Photosystem I (PSI) originating from the oxygenic purple bacterium Synechococcus Elongatus is significantly more complex. It performs the light gathering function of LH2 but also includes a reaction center that dissociates excited states into charges. PSI may be obtained from higher order plants as well as cyanobacteria. However, cyanobacterial PSI has proved more robust to experimental analysis. 4 The structure as determined by Schubert, et al.' is shown in Fig. 3 . PSI preferentially forms trimers. Charge generation occurs at the reaction center in the center of each PSI monomer (shaded yellow, Fig. 4 ). Approximately 100 chlorophyll molecules surround the reaction center.' These molecules absorb light and channel it to the center, acting as a highly efficient antenna. There are also 15-25 carotenoid molecules that absorb light at wavelengths where the chlorophyll molecules possess low sensitivity.' The carotenoids protect the structure against oxidation by quenching the formation of singlet oxygen.' PSI may exist on its own or in combination with additional light harvesting complexes, thereby enhancing its absorption under low light levels.
After absorption of a photon, the energy is channeled to the primary electron donor at the lower (lumen) surface of the complex. Following exciton dissociation, the electron is transferred through three Fe 4 S 4 clusters to the opposite (stroma) surface. The result is an electron on the stroma surface and a hole on the lumen surface.' Due to the C)
0%%
Koepke et aL Structure 4, 581 (1996) Schubert et aL J. Molecular Biology 272, 741 (1997) Fig. 3 . A cross section of the B850 ring in LH2 (left) compared with the structure of the PSI trimer (right). Note the enormous difference in sophistication. This is reflected in the additional functionality of PSI, which performs the antenna role of LH2 but also dissociates the absorbed light into charges. Note also the three red iron-sulfur complexes visible in the center of each PSI monomer. These participate in electron transfer after the initial exciton dissociation. directed nature of electron transfer, it is necessary that the complexes possess the correct orientation when deposited on a substrate. Techniques for achieving this are discussed in Sec. (iii) below.
(ii) Bulk photovoltaic device structures Photosynthetic complexes have been biologically optimized to convert incident radiation in electrical energy. In a typical PSI complex, absorbed photons are harvested within 100 ps with an overall quantum yield of 98%.' Photovoltages of I V are generated across the complex and the power conversion efficiency is approximately 40%.' Natural biomolecular complexes exceed the efficiencies of even the best artificial photovoltaic devices (c.f. Si < 30% . After the absorption of a photon, an electron is transferred to the stroma surface and the hole remains on the lumen surface. Note the three red iron-sulfur complexes on the stroma surface and also the protein, PsaD. This protein may be used to bind PSI to a substrate (see Sec. iv). From Schubert, et al. 2 electronic devices.
But electrical integration with photosynthetic complexes also enables new device architectures. Designs of novel bio-PVs may be drawn from nature, and there are two particularly relevant principles of natural photosynthetic machinery. Firstly, natural complexes are designed to direct the flow of energy towards a particular location. Energy funnels such as these reduce losses associated with the random diffusion of excitons.
Secondly, by embedding photosynthetic complexes within a membrane, charge recombination is prevented, increasing power conversion efficiencies. We propose two novel devices based on these design rules.
(a) Guided energy organic PV
The essential processes occurring within a conventional organic PV are shown in Fig. 5 . There is a tradeoff in the design of a conventional device between the absorption of TlABSORB X iTDIFFUSE -10% a device where the energy is guided towards a Photosynthetic photosynthetic complex LH12. Directing the flow of complexes offer a energy reduces losses due to random exciton diffusion and possible solution. Light allows thicker absorption layers, increasing the overall harvesting complexes power conversion efficiency.
6 from bacteria have extremely strong absorption in the infrared. In a PV cell containing photosynthetic material, the lowest energy states occur in the biological complexes. Thus, it is possible for absorbed energy to cascade down to complexes such as LH2. We have also shown that photons absorbed by complexes such as LH2 may generate photocurrent if the LH2 is deposited at an interface. Thus, LH2 is ideally used as part of an energetic funnel. Directed energy transfer using LH2 extends exciton diffusion lengths. In particular, non-radiative FSrster transfer may be used to rapidly guide energy to the dissociation interface. In Fig. 6 the PV is structured into blue, green and red absorbing layers. Near the interfaces, energy may be transferred from one layer to the next by Ftrster transfer. Ultimately, energy is guided to the photosynthetic complexes at the charge dissociation interface. This allows the tradeoff between absorption and exciton losses to be substantially loosened, resulting in improvements to power conversion efficiencies.
(b) Membrane PV cells
In an alternate approach, nanostructured interfaces with extremely large surface areas may be used to increase the absorption of incident radiation. These cells do not require
Artificial membrane Borrowing from structures employed in nature, electron-hole recombination may be eliminated by use of photosynthetic complexes linked by an insulating membrane. PSI is suited to this device because it operates in vivo within such a membrane. It may also be selectively absorbed on a surface using Ni-selective bonding, and the insulating membrane can be formed either using self-assembly or a Langmuir-Blodgett technique. No separate absorption layers are required because the interface has a large surface area. This device is an exact analog of the architectures employed in plants and bacteria.
(iii) Single complex devices
To maximize the capabilities of organic devices, we must aim for single molecule electronics. In the molecular regime, molecules are precisely positioned in circuits, intermolecular overlap is optimized and the nanometric scale lowers switching energies and transit times.
As discussed earlier, photosynthetic complexes are natural molecular circuits, whose constituent molecular components are supported by space-filling protein scaffolds. The functionality of protein complexes may eventually encourage the design of artificial proteins to support electronic circuits. But to demonstrate the potential of these structures and to study their properties, we must develop the technology to interface a single complex with conventional electronics, thereby opening the door to the entire range of natural and artificial protein-based systems.
We succeeded in sandwiching a single photosynthetic complex between metal contacts, forming a nanometric bio PV cell. When depositing metal contacts onto a single complex care must be taken not to disturb the protein scaffold. Techniques for fabricating metal contacts and patterning PSI on a substrate are discussed in the following sections. The middle sections of LH2 and PSI are hydrophobic and in vivo they assist selfassembly of the complexes into a membrane. The stroma and lumen surfaces, however, are charged and hydrophilic. During isolation and purification, the membrane is dissociated using a detergent that also solvates and stabilizes the hydrophobic regions of the complexes. The stroma and lumen surfaces are unaffected. Thus, the complexes are typically obtained with relatively clean charge transfer surfaces. The work of Lee, et al. 7 determined that PSI complexes preferentially deposit from solution on hydrophilic surfaces with the lumen surface in contact with the substrate, i.e. the electron transport vector is perpendicular to the substrate, as is necessary for most devices. However, these workers estimated that only -70% of PSI complexes self-assemble in the desired orientation. This is insufficient for high performance devices. However, due to their inherent randomness neither of these self-assembly techniques are suited for the fabrication of sophisticated devices. For this application we will genetically engineer one of the constituent proteins in PSI to preferentially adhere to Ni. The targeted protein is PsaD on the stromal surface of PSI (see Fig. 3b ). Recombinant PsaD can be engineered with a 6-histidine tag that selectively adheres to Ni. 8 In solution, PsaD in PSI is 'under constant maintenance', i.e. PsaD already incorporated into PSI is readily exchanged with PsaD in solution.8 Thus, recombinant PsaD may be readily incorporated into native PSI by placing both recombinant PsaD and PSI together in solution.
Using this technique, deposition of PSI may be directed by prior patterning of Ni on a substrate using conventional lithographic techniques. the substrate. In step 1, a metal coated stamp is brought in contact with the strike layer.
Metal is transferred at the points of contact. Transfer may be enhanced by inserting an adhesion reduction layer between the stamp and its metal coating, and possibly eliminating the strike layer. After removal of the stamp in step 2, the patterned substrate is etched in step 3 and any exposed strike material is removed by Ar sputtering. The completed pattern is shown in step 4.
Metal contacts to single PSI complexes will be directly transferred by the ultrahigh resolution, non-damaging process of stamping by cold welding previously demonstrated in our laboratory. 9 A detailed description of the stamping process is shown in Fig. 11 . The aim of the technique is the transfer of a metal film at the points of contact between a lithographically patterned stamp and a substrate at resolutions comparable to the diameter of the PSI complexes (-10nm). Transfer occurs if the substrate-metal adhesion exceeds adhesion forces between the stamp and the metal layer. To improve transfer, we have deposited adhesion reduction layers such as Teflon® between the stamp surface and the metal layer. In Fig. 14, we show a matrix with 100nm scale features generated with this technology. The dimensions of the stamped contacts will be defined by electron beam lithography.
Further results
1.
We have demonstrated monolayer growth of LH2 using the electrodeposition technique described above. An example of one of the films is shown in Fig. 13 , below. 2. We have realized photocurrent from LH2 by employing an organic protection layer; see Fig. 10 above. This demonstrates the feasibility of electronic integration with biomolecular complexes. 3. We have fabricated organic photovoltaic cells with 3.6% power conversion efficiencies. To our knowledge, these are currently the most efficient organic solid state photovoltaic devices. 4. We have fabricated photodetectors that overcome the relatively poor charge carrier mobilities in organic semiconductors, demonstrating bandwidths of up to 450MHz and external quantum efficiencies of -80%. 5. We have developed a novel technique for non-destructive nanometric metal stamping. The method can be used for fabricating metal contacts to proteinstructured biomolecular complexes. An example of a stamped structure is shown in Fig. 16 , below. 14. An example of a structure made the -10nm spherical complexes. using metal stamping.
Stabilizing the complexes in an artificial environment is the key barrier to successful device integration. We achieved electronic integration of devices (see Fig. 15 and 16 ) by stabilizing an oriented, self-assembled monolayer of photosynthetic complexes using novel surfactant peptides, (see Fig. 17 ) and then depositing an organic semiconducting protective coating, required as a buffer to prevent damage to the complexes when depositing the top metal contact. We have also demonstrated that it is possible to repair films of degraded photosynthetic complexes. The repair scheme is shown in Fig. 19 . It exploits the ability to exchange protein subunits in the 13-protein aggregate Photosystem I (PSI). A tag was engineered on the subcomponent psaD. This can be exchanged with native psaD to bind PSI to the substrate. Bound PSI can be subsequently exhanged with new PSI to repair the surface.
Evidence for psaD-exchange mediated binding of PSI is shown in Fig. 20 . To confirm the orientation of the PSI complexes we performed tapping mode-atomic force microscopy (TP-AFM) phase imaging in the intermittent contact mode and varied the potential between the AFM tip and the ITO/Au substrate. The phase angle of the driven vibration of the cantilever in TM-AFM is related to the energy dissipated in the tip-sample interaction. Thus, phase images of biological materials provide a map of the dissipative part of the sample's mechanical response. When a potential is applied to the AFM tip, we can alter its mechanical interactions with polar or charged samples by, for example, aligning polar molecules in the electric field. Voltage-dependent phase scans of a typical 
. Characterization of self-assembled photosynthetic complexes by atomic force microscopy (AFM). The voltage dependence of a phase image of PSI particles is determined by applying a potential to the AFM tip. Note the phase changes in the -1V scan, relative to the + IV and OV scans. Potential PSI particles are highlighted by superimposing a subtraction of the two images in (a) and (b) onto the -IV scan. The voltage dependence confirms that the rectifying PSI complexes are oriented with the P700 dimer face uv. The vhase Drofile of an assembled RC film showine a close
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I.
Personnel supported and/or associated with the research project Figure 3a exhibit a photocurrent spectrum that matches i electron the absorption spectrum, confirming solid-state integration of transporting fullerene C60. C60 was chosen because of its stabilized PSI. relatively deep lowest unoccupied molecular orbital (LUMO) energy of 4.7 eV 23 that could enhance electron transfer from During device fabrication self-assembled monolayers of the electron acceptor Qb in the RC. After C60, a 12 rmphotosynthetic complexes must survive both a washing step, thick layer of 2,9-dimethyl-4,7-diphenyl-l,10-phenanthroline to remove surplus nonspecifically bound materials, and a (bathocuproine, or BCP) 22 is deposited. The thin BCP layer drying step, to prepare the substrate for deposition of the is damaged by subsequent deposition of an 80 nm thick Ag semiconducting protective coating. The complexity and size cathode through a 1 mm diameter shadow mask. Damage to of PSI makes it especially sensitive to degradation and BCP facilitates electron extraction 24 and the deep highest dissociation. 2 -5 2 6 The stability of PSI is assessed in Figure 4 occupied molecular orbital (HOMO) of BCP effectively using its fluorescent spectrum, which is enhanced at low prevents the injection of holes into the device, markedly temperatures. Thick, vacuum-dried films of PSI prepared improving the device's reverse bias characteristics. Thermally without substrate functionalization were exposed to a pump evaporated films of C60, BCP, and Ag were deposited at a laser at A = 408 nm with intensity 0.5 mW/cm here that they may be integrated in solid-state devices.
Peptide surfactants have proved essential in stabilizing these Figure 5 . Photocurrent spectrum of photovoltaic devices employing complexes during and after device fabrication. Given typical bacterial reaction centers. A comparison between the photocurrent quantum yields for photoinduced charge generation' of > spectrum of solid-state (N) and wet electrochemical cell devices 95% it is expected that the power conversion efficiency of has been successfully integrated in a solid-state environment. Michel of peptide surfactants. In Figure 5 , the activity of an RC- 
